Abstract: A gene encoding a putative pyruvate decarboxylase (EC 4.1.1.1) was isolated from a genomic library of the filamentous fungus Aspergillus parasiticus strain SU-1. The deduced amino acid sequence showed 37% homology to PDC1 from Saccharomyces cerevisiae. Although A. parasiticus has an obligate growth requirement for oxygen, it produced ethanol in shake flask cultures indicating a response to anoxic conditions mediated by pyruvate decarboxylase.
Introduction
Several species of filamentous fungi produce ethanol in submerged culture despite having an obligate growth requirement for oxygen [1] . This is a result of the onset of anoxic conditions which can occur in shake flask cultures that contain high levels of fungal mass [1, 2] . Production of ethanol presumably occurs from pyruvic acid through the combined activities of pyruvate decarboxylase, which converts pyruvic acid to acetaldehyde, and alcohol dehydrogenase which converts acetaldehyde to ethanol. Although alco-hol dehydrogenase genes have been isolated from filamentous fungi including species of Aspergillus [3, 4] no pyruvate decarboxylase (PDC)-encoding gene has been described in fungi other than yeasts. In Saccharomyces cerevisiae, for example, three PDC genes have been described [5] [6] [7] . In this paper we describe the isolation and sequence analysis of pdcA from A. parasiticus. We also demonstrate that, while ethanol can be a growth substrate under some conditions, it can also be produced and accumulate in shake flask cultures of A. parasiticus, A. niger and A. nidulans.
Materials and Methods
Genomic DNA was extracted from A. parasiticus strain SU-1 (ATCC 56775) [8] T. DNA synthesizer. Primers designed against the acyl carrier protein domain of the 6-methylsalicylic acid synthase (MSAS) gene of Penicillium patulum [10] (ATCGCGGTGCGACGCGTGGG and CACCGCCAGATGGCTGACAG, 5' ~ 3') were synthesized and used to amplify a 0.3-kb fragment from a plasmid containing the ACP region of the MSAS gene [10] kindly provided by M. Schweizer. PCR was performed at an annealing temperature of 50°C using a LEP Scientific programmable heating block. The PCR-generated DNA was used to probe the genomic library after labelling for detection by enhanced chemiluminescence according to instructions (Amersham International). A positive clone was purified and a plasmid excised (Stratagene) which contained an insert of about 4 kb. Sequencing of the insert was begun from both ends using the dideoxy-mediated chain termination method [9] . The sequence from the extreme 5' end of the cloned insert, which had no obvious homology with the probe, is reported here. The gene sequence contained a unique BglII site. To assess gene copy number, genomic DNA from A. parasiticus was restricted with BglII and, following agarose gel electrophoresis and transfer to Hybond-ECL nitrocellulose membrane (Amersham International), was probed with a 918-bp PCRgenerated fragment which spanned the BglII site (ECL detection: Amersham International). Production of ethanol was followed in shake flask cultures of A. parasiticus, A. niger N402 [11] and A. nidulans (FGSC26). The media used were YES [12] and ACM [13] containing various initial concentrations of glucose, sucrose or soluble starch (Difco) as sole carbon sources. 250-ml flasks containing 100 ml medium were inoculated with 105 conidia ml -t and shaken at 150 rpm at 25°C. Culture filtrates were obtained after filtration through Mira cloth and ethanol was estimated using an alcohol dehydrogenase-based kit (Boehringer).
Results and Discussion
The putative PDC gene (pdcA) sequence (GenBank accession number U00967) and deduced amino acid sequence are shown in Fig. 1 . The gene contains a single intron identified from a change in reading flame and GT/AG splice sites. A short region of DNA was cloned upstream of the translation start and this contains a potential TATA box (Fig. 1) . The gene encodes a protein of 577 amino acids giving a molecular mass of 64 kDa. No marked codon bias was apparent. The deduced amino acid sequence showed significant homologies to PDC genes from S. cerev&iae, Zymomonas mobilis and maize. The top homology was with the PDC1 protein from S. cerevisiae; of the 563 amino acids, 209 were identical and 126 were conservative changes. This provides strong circumstantial evidence for the A. parasiticus gene encoding PDC. Southern analysis revealed that the genome of A. parasiticus probably contains only one copy of the gene because only two BgllI-cut fragments were detected. However, this conclusion may be premature because, with both S. cerevisiae [7] and maize [14] , closer inspection revealed the presence of copies of related but distinct alleles which may not have been detected under the hybridisation conditions used here.
Although a range of fungal species can produce ethanol it had not previously been reported that Aspergillus spp. also do so. Thus, to establish a role for the putative PDC in A. parasiticus we measured the production of ethanol in shake flask cultures. Fig. 2 illustrates the production of ethanol by A. parasiticus in ACM with different levels of glucose. The level of ethanol in medium containing 10 g glucose 1-1 peaked and then declined illustrating that the measured ethanol levels are a balance between synthesis and utilisation [2] . With higher levels of glucose (50, 100 or 150 g 1-1), no decline in ethanol levels was observed and the levels reached were similar. Analogous results were found when glucose was replaced by either sucrose or soluble starch. YES medium [12] contains sucrose (150 g 1-1) and is commonly used for production of aflatoxin by A. parasiticus. Production of ethanol in this medium by A. niger, A. nidulans and A. parasiticus is shown in Fig. 3 .
Expression of PDC genes from S. cerevisiae is enhanced by glucose [5] and, in maize, by low oxygen levels [14] . Low oxygen levels encourage ethanol production by filamentous fungi [2, 15] and alcC expression (encoding alcohol dehydrogenase III) in A. nidulans is elicited by anaerobic stress [16] . With filamentous fungi, high concentrations of fungal biomass in shake flasks inevitably lead to anoxic conditions and it is likely therefore that the production of ethanol in the Aspergillus spp. examined here is a response due to induction of PDC and, possibly, an alcohol dehydrogenase. 
